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Abstract Cu particles with different architectures such as

pyramid, cube, and multipod have been successfully

fabricated on the surface of Au films, which is the poly-

crystalline Au substrate with (111) domains, using the

electrodeposition technique in the presence of the surface-

capping reagents of dodecylbenzene sulfonic acid and

poly(vinylpyrrolidone). Further, the growth evolution of

pyramidal Cu nanoparticles was observed for the first time.

We believe that our method might open new possibilities

for fabricating nanomaterials of non-noble transition met-

als with various novel architectures, which can then

potentially be utilized in applications such as biosensors,

catalysis, photovoltaic cells, and electronic nanodevices.

Keywords Copper � Shape control � Electrochemistry �
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Introduction

Shape control of metallic particles has been receiving tre-

mendous attention due to their unique electronic, magnetic,

optical, and catalytic properties; further, they have a wide

range of applications, such as chemical- and bio-sensing,

catalysis, photonics, and optoelectronics [1–7]. The fabri-

cation of metallic nanostructures with controllable shapes

is important for utilizing the shape-tunable properties of

nanomaterials. Recently, non-noble copper nanostructures

have received a significant interest for several reasons.

First, copper nanostructures enhance the boiling surface:

this can have considerable impact on the chemical/thermal

processes applied to heat flux in Cu interconnects and

semiconductor devices [8]. Second, the high stability of

copper nanoparticles (NPs) makes them an attractive

alternative to Ag and Au nanocolloids in low-cost appli-

cations such as ink-jet printing of flexible conductors and

radio frequency identification (RF-ID) tags [9]. Third, face-

centered cubic (fcc) copper with a full d-band is regarded

as an ideal alternative material to nanomaterials because of

its excellent electrical conductivity and catalytic properties

[10–12].

Unlike the case of noble metals such as Ag and Au,

shape-controlled non-noble transition-metal nanostructures

have rarely been studied and reported because they get

rapidly converted into oxides [13, 14]; this reduces the

intrinsic characteristics of non-noble transition metals. A

challenging problem is the development of effective

methods to avoid the oxidation and corrosion of important

non-noble metals. Solution-phase method using surface-

modifying reagents is a common method for synthesizing

non-noble metal NPs [15, 16]. Further, oxidation under

ambient conditions can be prevented by using amphiphilic

surfactant and graphene coating to blend water-based
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copper nanocolloids into a polymer matrix [17]. However,

the procedures for governing controllable shapes are often

time-consuming and complicated, and the apparatus is

expensive.

The electrodeposition method is a relatively inexpensive

and simple technique in material synthesis, and it has been

used as an alternative method for controlling the shapes of

metal-based NPs such as Pd, Cu2O, and Zn [18–20].

However, there have been very few reports on the shape

control of metallic Cu by electrodeposition; only one or

two shapes have been generated by altering the experi-

mental parameters [21, 22]. In our previous study, we

reported the successful synthesis of well-defined Cu

nanopyramids by using the electrodeposition method in the

presence of dodecylbenzene sulfonic acid sodium salt

(DBSA), which acts as the stabilizer [23]. In this paper, we

demonstrate that this approach can provide versatility in

tuning the architectures, not only pyramidal but also cubic

and multipod, of Cu particles on the surface of a polished

Au substrate by systematically exploring the experimental

parameters. To our knowledge, this is also the first report of

the successful observation of the growth evolution of

pyramidal NPs. This research is important for studying and

understanding the growth mechanism of metal NPs with

controllable shapes. These observations can be used not

only for integration with advances in the creation of new

nanoscale inorganic building blocks but also for their

functional assemblies on crystallization processes.

Experimental Methods

Materials

Milli-Q water (18 MX resistivity; Millipore System) was

used in all the experiments. Copper(II) tetrafluoroborate

hydrate (Cu(BF4)2�xH2O), dodecylbenzene sulfonic acid

sodium salt, and poly(vinylpyrrolidone) (PVP) were pur-

chased from commercial suppliers (Aldrich, Fluka, and

Arcos, respectively). All the chemicals were used as received

without further purification. Au films with 99.999% purity

were supplied by Leesan Precious Metal Co., Ltd.

Synthesis of Cu NPs with Pyramidal, Cubic,

and Multipod Shape

All the results reported here were obtained by using the

basal planes of Au substrates that were cleaned in mixtures

of 30% H2O2 and 98% H2SO4 (3:1 by volume) at 85 �C for

5 min (note that the mixture is dangerous since it reacts

violently with organics) and sonicated in ethanol/water. A

solution containing copper ions was prepared from 0.029 g

of Cu ion precursor and 0.087 g of DBSA (the weight ratio

of DBSA/Cu2? is 3). Pyramidal Cu NPs were synthesized

on a cleaned Au substrate by immersing it in this solution.

Electrochemical treatments were performed using a CH

Instruments 672A electrochemical system with a three-

electrode system at room temperature. A cleaned Au sub-

strate (1 cm9 0.5 cm) acts as the working electrode, a

platinum wire acts as the counter electrode, and an Ag/

AgCl (immersed in a 3 M KCl filling solution saturated

with AgCl) acts as the reference electrode. The deposition

potential was controlled over a range from -0.6 to -0.8 V

at a scan rate of 0.05 V s-1 [23], and the deposition time

was 800 s. After the deposition, the electrodes were rinsed

with large amounts of Milli-Q water to remove the resid-

ual-capping reagent. Identical experimental procedures can

be used to obtain cubic and multipod Cu NPs; for the

former, the weight ratio of DBSA/Cu2? must be reduced to

2, and for the latter, DBSA should be replaced with PVP.

Characterizations

The field-emission scanning electron microscopic (FESEM)

images were obtained using the GEMINI-URTRA 55 field-

emission microscope. The X-ray diffraction patterns (XRD

patterns) were recorded from SWLS X-ray Powder Dif-

fraction with 01C beamline at the National Synchrotron

Radiation Research Center (NSRRC), Hsinchu, Taiwan.

The angle of incidence and the wavelength of the X-rays

were 0.5 and 0.77490 Å, respectively.

Results and Discussions

Figure 1a is the FESEM image of the product obtained in

the presence of the DBSA surfactant when the weight ratio

of the DBSA/Cu precursor was 3; here, high-yield (over

70%) pyramid-shaped Cu NPs can be observed. The

detailed structural analysis of the Cu nanopyramid was

characterized by XRD, as shown in Fig. 1b. The peaks

located at the 2h values of approximately 24.9, 35.7, and

42.0 are assigned to the Cu(200), Cu(220), and Cu(311)

facets of face-centered cubic (fcc) Cu, respectively. Crys-

tallographic planes of XRD patterns were indexed using

Bragg’s law (2dsinh = nk) in which the wavelength of

X-rays were 0.77490 Å, as well as combined with those of

the JCPDS database (Cu file code: 85-1326). The XRD

analysis also revealed that the films have a strong Au (111)

peak, while the other diffraction peaks of Au (200), Au

(220), Au (311), Au (222), Au (400), and Au (420) are

weak, indicating the Au substrate was primarily composed

of domains with the (111) structure. This implies that the

surface of the Au crystal film under study was a polycrystal

with a {111} orientation plane.
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Interestingly, the growth sequence of metallic pyramids

was also observed in the shape-control region for the first

time (as shown in Fig. 1c); Cu NPs self-assembled into

prism-shaped particles and finally into pyramids. It is

commonly accepted that the shape of fcc nanocrystals is

primarily determined by the ratio (R) of the growth rate

along the [100] to that along the [111] direction [24, 25].

The balance between the two directions can be controlled

kinetically, and the preferential capping or stabilization of

some crystal faces by a surfactant can be used to change the

growth kinetics and relative stability of the crystal faces in

order to form the desired particle architecture; this phe-

nomenon has also been reported for the shape control of Au

and Ag NPs [26, 27]. Moreover, the growth of particles on

substrates is epitaxially aligned with the crystal structure of

the substrate surface, which leads to an epitaxial ordering

of deposited nanocrystals with the periodicity of the crystal

structure of the substrate surface [28]. Therefore, the sub-

strate selection can be regarded as another parameter for

the formation of the pyramids. For comparison, the elec-

trodeposition of Cu on indium tin oxide (ITO) was also

performed. Only spherical but slightly faceted Cu NPs

were noticed on the ITO (Figure S1). Combining the

statements mentioned earlier, we assume that the growth

sequence of Cu pyramids with the relative abundance of

{111} facets can be explained as follows: At the initial

stage of the deposition, Cu atoms epitaxially electrodeposit

onto the (111) domains of Au surfaces, where DBSA does

not participate in the electrochemical process but adsorbs

onto some surfaces of the deposited Cu, thereby forming

the first (111) plane of pyramid-shaped nanocrystals.

Subsequently, the surface-regulating capping agent of

Fig. 1 a FESEM image of Cu

pyramids on gold substrates

with the weight ratio DBSA/

Cu2? = 3. The deposition

potential ranged from -0.6

to -0.8 V (vs. Ag/AgCl) at a

scan rate of 0.05 V s-1 for

800 s. Inset: scale
bar = 200 nm. b The X-ray

diffraction (XRD) pattern of the

as-produced Cu pyramids.

c Growth procedure for

pyramidal Cu NPs. Scale bar:

200 nm. d Evolutionary

pyramidal-shaped Cu NPs

growth pathways
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DBSA plays a critical role as the reaction proceeds, which

results in stronger interactions with the atoms on the {111}

facets than those on the {100} facets, leading to the pref-

erential addition of Cu atoms onto the {100} facets [29].

This results in the enhancement of the growth rate along

the [100] direction and/or reduction in the growth rate

along the [111] direction, and ultimately, in the formation

of pyramid-shaped Cu NPs. The scheme of the formation

mechanism of a pyramidal Cu is shown in Fig. 1d.

It is commonly accepted that controlling the shape and

structural architecture of metal NPs requires manipulation

of the interplay between the faceting tendency of the sta-

bilizing agent and growth kinetics. In the presence of

capping reagents, the differences in the adsorption of sur-

factant/polymers on various crystal surfaces leads to a

competitive growth, which results in shape variation.

Therefore, the architectures of the Cu NPs should be varied

depending on the concentrations and nature of the capping

agents. Under similar experimental conditions, cube-

shaped Cu NPs were obtained when the weight ratio of

DBSA/Cu2? was decreased to 2. Figure 2 shows that the

morphology of Cu NPs varies significantly with the amount

of DBSA. This implies that decreasing the concentration of

the capping agent DBSA might significantly influence the

relative growth rates between the [111] and [100] direc-

tions, which would, in turn, affect the formation of the

initial crystal seeds and the sequential growth of Cu NPs.

Further, this ultimately leads to shape variations. Multipod

Cu particles were unexpectedly found when the PVP

polymer was used in place of DBSA, as shown in Fig. 2.

PVP is believed to bind preferentially to the {100} and

{111} planes [30], which induces the selective interaction

and/or interaction strengths between PVP and the crystal-

lographic facets of a Cu lattice; this behavior is substan-

tially different from what is obtained when DBSA is used

as the capping reagent. Hence, the early-stage nuclei and

Fig. 2 Pyramidal, cubical, and

multipod Cu particles deposited

on gold substrates by using

DBSA and PVP as the capping

reagents. The top (a, b) FESEM

images of the as-produced Cu

NPs were prepared from the

solution containing the weight

ratios of DBSA/Cu2? of 3 and

2, respectively. The bottom
images represent the use of PVP

as the capping agent. The

deposition potential ranged

from -0.6 to -0.8 V (vs. Ag/

AgCl), the scan rate is

0.05 V s-1, and the deposition

time is 800 s
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sequential growth of deposited Cu atoms may be affected,

which possibly leads onto the generation of a zinc blende-

phased core with {111} planes followed by the growth of

wurtzite-phased arms [31]. Finally, the formation of mul-

tipod Cu is induced. Further studies on the mechanism of

Cu multipod formation are being performed.

Conclusions

From the researches conducted, which have been reported

in this paper, we can summarize some main conclusions

and their significance for the future development of related

fields as follows:

1. Our electrodeposition method is a facile and versatile

pathway for preparing high-yield pyramidal Cu NPs.

2. By using the controllable capping reagents DBSA and

PVP, the electrodeposition method can be used to

fabricate Cu particles having cubic and multipod

shapes.

3. The growth evolution of pyramidal Cu NPs with a

face-centered cubic (fcc) structure was also investi-

gated for the first time; Cu NPs self-assembled into

prism-shaped particles and finally into pyramids.

4. Our electrodeposition approach offers an economically

attractive route toward broader applications for the

formation of common transition group metals in the

form of novel architectures, which can provide a

powerful toolbox for applications such as biosensors,

catalysis, fuel cells, and electronic nanodevices.
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